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Edited by Varda RotterAbstract Polyploidization occurs during normal development
as well as during tumorigenesis. In this study, we investigated
if the responses to genotoxic stress in cancer cells are inﬂuenced
by the ploidy. Prolonged treatment of Hep3B cells with the spin-
dle inhibitor nocodazole resulted in mitotic slippage, followed by
re-replication of the DNA to produce polyploids. Reintroduction
of p53 restored the checkpoints and suppressed polyploidization.
Remarkably, a stable tetraploidy cell line could be generated
from Hep3B by a transient nocodazole treatment followed by a
period of recovery. Using this novel tetraploid system, we found
that tetraploidization increased the cell volume without signiﬁ-
cantly aﬀecting the cell cycle. Although tetraploidization was
accompanied by an increase in centrosome number, the majority
of mitoses in the tetraploid cells remained bipolar. Polyploidiza-
tion sensitized cells to genotoxic stress inﬂicted by ionizing
radiation and topoisomerase inhibitors without aﬀecting the sen-
sitivity to spindle inhibitors. Accordingly, more gamma-H2AX
foci were induced by radiation in tetraploids than in normal
Hep3B cells. Likewise, primary tetraploid human ﬁbroblasts dis-
played higher gamma-H2AX foci formation than diploid human
ﬁbroblasts. An implication for chemotherapy is that some cancer
cells can be sensitized to genotoxic agents by a preceding step
that induces polyploidization.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Spindle-assembly1. Introduction
Precise regulation of the cell cycle by checkpoint mecha-
nisms is critical for maintaining genomic integrity (reviewed
in [1]). One such checkpoint senses DNA damage and inhibits
entry into mitosis until the damage is repaired. Conversely, exit
from mitosis (entry into anaphase) is prevented by the spindle-
assembly checkpoint until all the kinetochores are properly
attached to the spindles. Cells that harbor defects in these
checkpoints are prone to genome instability and neoplastic
transformation.
Cyclin-CDK (cyclin-dependent kinases) complexes are key
regulators of the cell cycle: cyclin D-CDK4/6 for G1 progres-
sion, cyclin E-CDK2 for the G1–S transition, cyclin A-
CDK2 for S phase progression, and cyclin A/B-CDC2 for M*Corresponding author. Fax: +852 23581552.
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doi:10.1016/j.febslet.2006.07.059phase entry (reviewed in [2]). The spindle-assembly checkpoint
maintains high level of active cyclin B-CDC2 through inhibi-
tion of the APC/C (anaphase-promoting complex/cyclosome)
(reviewed in [3]). APC/C (in association with an activating sub-
unit CDC20) is an ubiquitin ligase that targets several mitotic
substrates, including cyclin B1 and securin, for degradation.
Unattached kinetochores activate several checkpoint proteins,
including MAD2 and BUBR1, through an ill-deﬁned mecha-
nism and inhibit the APC/C-CDC20 complexes, thus locking
the cell in prometaphase. Prolonged activation of the spin-
dle-assembly checkpoint, however, induces cell death through
a mechanism termed mitotic catastrophe (reviewed in [3]). In-
deed, the widespread use of spindle inhibitors as chemothera-
peutic agents exploits the cytotoxic property of these agents.
Another outcome of the prolonged activation of the spindle-
assembly checkpoint is a process termed adaptation (also
called mitotic slippage). In cells that undergo adaptation,
CDC2 is inactivated and the cells enter G1 phase without ﬁrst
going through cytokinesis. A p53-dependent tetraploidy check-
point has been proposed to prevent S phase entry in cells that
have undergone adaptation [4]. However, very little is known
about the precise mechanism of adaptation. Moreover, the
function of the tetraploidy checkpoint is contentious and its
existence has been disputed [5–7]. Importantly, in conditions
when adaptation occurs without evoking mitotic catastrophe
or the tetraploidy checkpoint, cells can undergo another round
of replication and become polyploids. Polyploidization can
lead to genome instability and may contribute to tumorigenesis
([7] and reviewed in [8]).
Apart from cancer cells, polyploidy also occurs physiologi-
cally in cells such as myoblasts, megakaryocytes, and hepato-
cytes (reviewed in [9]). Most of these cases involve cell fusion
or endoduplication of terminally diﬀerentiated cells. Polyploi-
dization is also believed to be an essential step during evolu-
tion. There is evidence that two rounds of whole genome
duplication by tetraploidy occurred during the evolution of
vertebrates [10]. Moreover, ploidy is one of the key intrinsic
factors that inﬂuence cell volume (reviewed in [11,12]). For
example, Drosophila polyploid salivary gland cells are more
than 1000 times larger than diploid cells, and cells from tetra-
ploidy mice are about twice the size of those of diploid cells
[13]. The increase in cell volume may provide a metabolic
growth advantage for polyploidy cells [14,15].
In this study, we investigated if the responses to genotoxic
stress are aﬀected by the ploidy in cancer cells. By exploiting
the defective checkpoints in Hep3B cells, we were able to gen-
erate a stable tetraploidy cell line. Using this novel tetraploidyblished by Elsevier B.V. All rights reserved.
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cell volume but did not aﬀect the cell cycle and growth. More-
over, we found that tetraploid cells were sensitized to genotoxic
stress induced by ionizing radiation and topoisomerase inhibi-
tors. The higher probability of DNA strand breaks conferred
by the higher DNA content was likely to be the underlying
mechanism. In support of this, we found that radiation induced
substantially more c-H2AX foci in tetraploid Hep3B or pri-
mary ﬁbroblasts than in their diploid counterparts.2. Materials and methods
2.1. Materials
All reagents were obtained from Sigma–Aldrich (St. Louis, MO,
USA) unless stated otherwise.
2.2. Cell culture
Normal fetal lung ﬁbroblasts (IMR90) and tetraploid ﬁbroblasts
(GM06979) were obtained from Coriell Cell Repositories (Camden,
NJ, USA). Hep3B cells (hepatocellular carcinoma) were obtained from
the American Type Culture Collection (Manassas, VA, USA). Cells
were grown under conditions as suggested by the suppliers. Hep3B-T
cells were established by incubating Hep3B cells in 10-cm plate in med-
ium containing nocodazole (0.1 lg/ml) for 48 h. Fresh medium without
nocodazole was replaced and the cells were cultured for about 1 week
until semi-conﬂuent. The mixed population of Hep3B-T was used from
passage 3–15. Hep3B/p53 was a stable cell line with the expression of
wild type p53 under doxycycline control [16]. Unless stated otherwise,
nocodazole was used at a concentration of 0.1 lg/ml. Ionizing radia-
tion was delivered with a caesium137 source from a MDS Nordion
Gammacell 1000 Elite Irradiator (Ottawa, Ont., Canada).
2.3. Cell viability analysis and ﬂow cytometry
Trypan blue analysis [17], ﬂow cytometry after propidium iodide
staining [17], and BrdU incorporation followed by ﬂow cytometry
analysis [18] were performed as described previously. Both ﬂoating
and attached cells were collected for analysis.
2.4. Karyotyping
Cells were treated with nocodazole (0.1 lg/ml) for 2 h to induce
metaphase arrest. Following trypsinization, the cells were resuspended
in 5 ml of 75 mMKCl at 37 C for 20 min, then ﬁxed with 1 ml of Car-
noy’s ﬁxative (3:1 methanol:glacial acetic acid). The cells were collected
by low speed centrifugation (800 rpm) for 5 min, and then resuspended
in an appropriate volume of ﬁxative. The cell suspension was dropped
onto glass slides, air dried, and then stained with Giemsa stain. Meta-
phase spreads were imaged with a Nikon microscope equipped with a
CCD camera (RS Photometrics, Tucson, AZ, USA).
2.5. Cell volume analysis
Cell volume was analyzed with a Coulter Multisizer II Counter
(Beckman Coulter, Fullerton, CA, USA), which monitored the current
ﬂow caused by volume displacement of the electrolyte conducting li-
quid to measure particle size. Particle size was calibrated with standard
beads supplied by the manufacturer.
2.6. Antibodies and immunological methods
Immunoblotting and immunoprecipitation were performed as de-
scribed previously [19]. Monoclonal antibodies E23 against cyclin A2
[19], A17 against CDC2 [20], and YL1/2 against tubulin [21] were ob-
tained from sources as described previously. Monoclonal antibodies
GSN1 against cyclin B1 (sc-245), HE12 against cyclin E (sc-247),
DO1 against p53 (sc-126), against c-tubulin (sc-17787), and polyclonal
antibodies against Ser10-phosphorylated histone H3 (sc-8656 R) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Polyclonal antibodies against Ser139-phosphorylated histone H2AX
were obtained from Bethyl Laboratories (Montgomery, TX, USA).
Antibodies against Tyr15-phosphorylated CDC2 were obtained from
Cell Signaling Technology (Beverly, MA, USA).For immunostaining for c-H2AX, cells grown on glass cover slips
were washed twice with PBS (phosphate buﬀered saline) and then ﬁxed
with 90% methanol at 20 C for 10 min. The cells were then washed
twice with PBS and incubated with the anti-phospho-H2AXSer139 anti-
body (1:400 in PBS) at 37 C for 2 h. The cells were then washed ﬁve
times with PBS containing 0.2% Tween 20 (PBST) and incubated with
TRITC-conjugated anti-rabbit IgG (DAKO, Glostrup, Denmark) in
PBST at 37 C for 2 h. Immunostaining for c-tubulin was carried
out similarly except that the cells were ﬁxed in 1:1 methanol:acetone
at 25 C for 2 min. After washed twice with PBS, the cells were incu-
bated in 3% BSA in PBS for 30 min before incubated in the primary
antibodies (1:400 in PBS) at 25 C for 2 h. After washed four times
with PBS, the cells were incubated with FITC-conjugated anti-mouse
IgG (DAKO) in PBST at 25 C for 1 h. Nuclei were counterstained
with DAPI (for c-H2AX) or Hoechst 33258 (for c-tubulin). After
washing ﬁve times with PBS, the cover slips were mounted and visual-
ized with a Nikon epiﬂuorescence microscope with appropriate ﬁlters
and images were captured with a CCD camera (RS Photometrics).3. Results
3.1. Checkpoints that monitor spindle assembly and tetraploidy
are compromised in some cancer cell lines
To test the eﬀects of polyploidy on the DNA damage re-
sponses, we ﬁrst sought to obtain polyploid cells that could un-
dergo normal growth and division. For this purpose, we
identiﬁed that the cell line Hep3B (p53-null) was defective in
the checkpoints for monitoring spindle-assembly and poly-
ploidy. The spindle-assembly checkpoint of Hep3B cells was
activated with nocodazole and the DNA content was moni-
tored with propidium iodide staining and ﬂow cytometry
(Fig. 1). As expected, the cells accumulated a 4N DNA content
after growing in nocodazole for 24 h. Further incubation in
nocodazole triggered apoptotic cell death (data not shown; this
can also be seen by the appearance of sub-G1 populations in
Fig. 1). The surviving cells, however, exhibited an 8N DNA
content that became progressively more prominent at later
time points. In contrast, control cells without nocodazole
treatment displayed a normal cell cycle distribution proﬁle
throughout the experiment. Similar results were also obtained
with the microtubule depolymerization inhibitor Taxol (data
not shown).
The increase in ploidy upon nocodazole challenge was spe-
ciﬁc to only some cell lines like Hep3B. We found that noco-
dazole induced extensive cell death without the appearance
of an 8N DNA population in three other hepatocellular carci-
noma cell lines tested (HKCI-1, HKCI-2, and PLC5; data not
shown). In contrast, HepG2 cells (another hepatoma cell line)
were stably arrested with a 4N DNA content by nocodazole
without the appearance of an 8N DNA population (manu-
script in preparation).
We found that the increase in ploidy after prolonged mitotic
blockade was prohibited by p53. Wild type p53 (TP53) cDNA
was reintroduced to Hep3B cells and a stable cell line express-
ing p53 was established (designated as Hep3B/p53 herein)
(Fig. 2A). In marked contrast to Hep3B cells, no signiﬁcant
8N DNA population was induced by nocodazole treatment
in Hep3B/p53 cells (Fig. 2B).
As expected, treatment of Hep3B cells with nocodazole was
accompanied by an increase in histone H3Ser10 phosphoryla-
tion at 24 h (Fig. 2C). Both histone H3Ser10 phosphorylation
and cyclin B expression decreased at later time points, concom-
itant with an increase in cyclin E expression. These results were
consistent with mitotic slippage and re-replication of DNA in
-NOC +NOC
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Fig. 1. Hep3B cells are defective in the checkpoints that monitor
spindle assembly and tetraploidy. Hep3B cells were treated with either
control buﬀer or nocodazole and harvested at the indicated time
points. The cells were then ﬁxed, stained with propidium iodide, and
processed for DNA content analysis by ﬂow cytometry. The positions
of 2N, 4N, and 8N DNA contents are indicated.
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cell death after prolonged nocodazole treatment, as indicated
by the sub-G1 DNA (Fig. 2B) and the destruction of stable
proteins like tubulin (Fig. 2C). The maintenance of high levels
of histone H3Ser10 phosphorylation in Hep3B/p53 cells was
also indicative of cell death.
Taken together, these data indicate that Hep3B cells are
defective in checkpoints that prevent polyploidization. Noco-
dazole induced a transient delay in mitosis; the cells then con-
tinued the cell cycle without an intervening cytokinesis and
underwent re-replication.
3.2. The establishment of a tetraploid cell line from the
checkpoint-defective cells
Given the properties of Hep3B described above, we treated
the cells with nocodazole for 48 h before allowing them to re-
cover in nocodazole-free medium. Intriguingly, when the sur-
viving cells were expanded in culture (designated as Hep3B-T
herein), they were found to contain double the DNA content
of the parental Hep3B cells (Fig. 3A). As revealed by ﬂow
cytometry, the G1 population of Hep3B-T cells was at the po-
sition of the G2/M population of the Hep3B cells. Nuclear
staining and microscopy indicated that Hep3B-T cells con-
tained only one nucleus per cell, excluding the possibility that
the apparent tetraploidy of Hep3B-T cells was due to multiple
nuclei (data not shown). Moreover, the tetraploidy was not
merely a transient state, because the same DNA content was
observed after more than 10 passages in culture.To further validate that Hep3B-T cells were tetraploids in
relation to Hep3B cells, the number of chromosomes was mea-
sured directly with mitotic spreads. Fig. 3B shows that while
Hep3B contained 50–60 chromosomes, Hep3B-T contained
approximately double this number. Collectively, we have gen-
erated a stable tetraploid cell line from Hep3B cells using a
simple procedure of spindle disruption.3.3. The growth rate and cell cycle distribution are not aﬀect by
polyploidization
In many cell types, there is a correlation between the DNA
content and the cell cycle time (reviewed in [11]). To compare
the growth rate of Hep3B-T cells and Hep3B cells, the cell
number was measured with trypan blue exclusion at diﬀerence
time points. We found that both Hep3B cells and Hep3B-T
cells have a similar doubling time of 25–29 h (Fig. 4A). Fur-
thermore, there was no signiﬁcant diﬀerence between the two
cell lines in the portion of inviable cells under normal growing
conditions (data not shown).
To test if the cell cycle distribution was altered in Hep3B-T
cells, the cells were pulse-labeled with BrdU before analyzed
with ﬂow cytometry. Fig. 4B shows that Hep3B and Hep3B-
T have a similar cell cycle distribution (Fig. 4B). Collectively,
these data indicate that despite the doubling of the DNA con-
tent, Hep3B-T cells have similar doubling time and cell cycle
distribution as the parental Hep3B cells.3.4. Polyploidization is accompanied by an increase in
centrosome number and cell volume
Apart from the doubling of the DNA content, the centro-
some number is also expected to be doubled following mitotic
slippage. To evaluate the number of centrosomes, Hep3B and
Hep3B-T cells were immunostained with antibodies against c-
tubulin and examined under ﬂuorescence microscopy. Fig. 5A
shows that while the majority Hep3B cells contained one or
two centrosomes, Hep3B-T cells contained two or four centro-
somes. We found that although Hep3B-T contained multiple
centrosomes, the majority of mitoses in Hep3B-T cells re-
mained bipolar (Fig. 5B). The low percentage of multipolar
mitosis found in Hep3B-T was similar to that in the parental
Hep3B cells.
Ploidy is one of the key intrinsic factors that inﬂuence cell
volume (see Section 1). An increase in cell volume in Hep3B-
T may reinforce the relevance of this system for studying
polyploidization. Forward light scattering by ﬂow cytometry
suggested that the average size of Hep3B-T cells was indeed
larger than that of Hep3B cells (Fig. 5C). To analyze the cell
volume more vigorously, cell size was measured with a Coulter
Counter (which measures cell size by monitoring the current
ﬂow caused by volume displacement of the electrolyte conduct-
ing liquid). Fig. 5D validates that asynchronously growing
Hep3B-T cells were bigger than Hep3B cells by 40%.
To evaluate if the cell volume of Hep3B and Hep3B-T is sim-
ilarly aﬀected by external growth conditions, cells were propa-
gated in diﬀerent serum concentrations and cell density. We
found that the cell volume of both Hep3B and Hep3B-T de-
creased similarly as the cell density increased (Fig. 5E). Like-
wise, the cell volume of both cells decreased similarly as the
serum concentration was reduced (Fig. 5F). Together with
the above data that Hep3B and Hep3B-T have similar growth
rate and cell cycle distribution (Fig. 4), these data indicate that
Fig. 2. p53 safeguards genome stability during prolonged nocodazole block. (A) Expression of p53 in Hep3B/p53 cells. Hep3B/p53 cells were
generated from Hep3B cells by stable integration of a p53-expressing construct. Cell extracts prepared from Hep3B and Hep3B/p53 cells were
resolved on SDS–PAGE and p53 was detected by immunoblotting. Molecular size standards (indicated on the right in kDa) are loaded in lane 3. (B)
Re-replication of DNA in the presence of nocodazole is prevented by p53. Hep3B/p53 cells were treated with nocodazole and harvested at the
indicated time points. The cells were then ﬁxed and processed for ﬂow cytometry analysis. (C) Hep3B and Hep3B/p53 cells were incubated in
nocodazole-containing medium. At the indicated time points, the cells were harvested and cell-free extracts were prepared. The expression of the
indicated proteins was then detected by immunoblotting (cyclin A was detected by reprobing the membrane after cyclin E).
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change in growth parameters.
3.5. Polyploidization increases the sensitivity to DNA damaging
agents but not to spindle inhibitors
To test if the sensitivity to genotoxic agents is aﬀected by
ploidy, Hep3B cells and Hep3B-T cells were treated with var-
ious chemotherapeutic agents and the viability was then ana-
lyzed. Double-strand breaks were induced with ionizing
radiation. Fig. 6A shows that Hep3B-T cells were more sensi-
tive to ionizing radiation than the parental Hep3B cells.
Hep3B and Hep3B-T cells were then treated with topoisomer-
ase II inhibitor Adriamycin. Adriamycin interferes with the
religation step in the normal action of topoisomerase II, lead-
ing to a stabilization of cleavable enzyme-DNA complexes (re-
viewed in [22]). Fig. 6B shows that similar to their responses to
ionizing radiation, Hep3B-T cells were more sensitive than
Hep3B cells to Adriamycin.
Spindle inhibitors are also clinically important chemothera-
peutic agents. The spindles can be disrupted by either inhibit-
ing microtubule polymerization (e.g. nocodazole) or by
inhibiting microtubule depolymerization (e.g. Taxol). We
found that in contrast to their responses to DNA damage,
Hep3B and Hep3B-T cells have similar sensitivity to nocodaz-
ole and Taxol (Figs. 6C and D).
To validate the relative sensitivity of Hep3B cells and
Hep3B-T cells to DNA damage, we next used ﬂow cytometry
to analyze the cell cycle distribution after irradiation. Fig. 7Ashows that both Hep3B and Hep3B-T cells were arrested at
G2/M phase after irradiation. Consistent with the cell viability
data, signiﬁcantly more sub-G1 population was displayed by
Hep3B-T cells than Hep3B cells. Treatment with diﬀerent
doses of ionizing radiation followed by BrdU labeling and ﬂow
cytometry likewise conﬁrmed that more sub-G1 cells were in-
duced in Hep3B-T cells (Fig. 7B).
Analysis of the protein expression conﬁrmed that irradiation
inhibited histone H3Ser10 phosphorylation and promoted
inhibitory phosphorylation of CDC2Tyr15 (Fig. 7C). Likewise,
histone H3Ser10 phosphorylation was inhibited and CDC2Try15
phosphorylation was promoted in both cell lines in response to
Adriamycin treatment (Fig. 7D). A slight diﬀerence between
the responses of the two cell lines was that the changes in his-
tone H3Ser10 and CDC2Tyr15 phosphorylation were less well
maintained in Hep3B-T cells at high doses of ionizing radia-
tion. This may reﬂect the more extensive cell death in
Hep3B-T at these higher doses (Fig. 6A). Taken together, these
data indicate that polyploidization increased the sensitivity to
double stand breaks-inducing agents.
3.6. Polyploidization increases DNA damage-induced histone
H2AX phosphorylation
It is possible that the higher DNA content in polyploid cells
increases the chance of receiving DNA damage, thus directly
contributes to the higher sensitivity to DNA damaging agents.
To test this hypothesis, we examined the phosphorylation of
histone H2AX at Ser139 (also called c-H2AX) after irradia-
Fig. 3. Generation of a tetrapolid Hep3B-T cell line. (A) Hep3B-T
cells contain twice the amount of DNA as Hep3B cells. A stable cell
line, Hep3B-T, was established from Hep3B as described in Section 2.
The DNA contents of asynchronously growing populations of Hep3B
(green) and Hep3B-T (red) were analyzed by ﬂow cytometry and
displayed in the same scale. (B) Hep3B-T cells contain approximately
twice the number of chromosomes as Hep3B cells. Early passages of
Hep3B and Hep3B-T were harvested for karyotype analysis as
described in Section 2. Fifty metaphases were counted in each case.
Representational metaphase spreads are shown in the top panels.
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P.M. Hau et al. / FEBS Letters 580 (2006) 4727–4736 4731tion. Foci of c-H2AX colocalize with several proteins, includ-
ing MRN (MRE11-RAD51-NBS1) complexes and BRCA1,
and may be important in retention of repair factors to double
strand breaks (reviewed in [23]). As expected, only a few c-
H2AX foci were observed in unstressed Hep3B or Hep3B-T
cells (Fig. 8A). Ionizing radiation rapidly induced the forma-
tion of c-H2AX foci in both cell types. Signiﬁcantly, more c-H2AX foci were induced by ionizing radiation in Hep3B-T
cells than in Hep3B cells (Fig. 8B).
Unlike many other organisms like ﬁsh and amphibian, tetra-
ploidy is poorly tolerated in mammals. Nevertheless, a few
cases of tetraploidy human infants have been reported [24].
To see if c-H2AX foci are also highly induced in cells from nat-
urally occurring tetraploids after DNA damage, we have also
tested the ionizing radiation-induced c-H2AX foci formation
in primary ﬁbroblasts obtained from a tetraploid infant. We
found that in comparison to normal diploid human ﬁbroblasts
(IMR90), more c-H2AX foci were induced by the same dose of
ionizing radiation in the tetraploid ﬁbroblasts (Fig. 8C). Taken
together, these results demonstrate that the increase in DNA
content in tetraploid cells prompted the cells to receive more
double strand breaks upon a given level of genotoxic stress.
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medium containing diﬀerent concentrations of serum for 24 h. The cells were then harvested and the cell volume analyzed with a Coulter Multisizer
Counter.
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analysis. The average and standard deviation of three independent experiments are shown. (B) Hep3B-T cells are more sensitive to Adriamycin than
Hep3B. Experiments were performed as in panel (A) except that the cells were treated with diﬀerent doses of Adriamycin instead of ionizing
radiation. (C) Hep3B-T and Hep3B cells are equally sensitive to nocodazole. Experiments were performed as in panel (A) except that the cells were
treated with diﬀerent doses of nocodazole instead of ionizing radiation. (D) Hep3B-T and Hep3B cells are equally sensitive to Taxol. Experiments
were performed as in panel (A) except that the cells were treated with diﬀerent doses of Taxol instead of ionizing radiation.
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Although Hep3B cells were transiently arrested with a 4N
DNA content after nocodazole treatment, they progressed into
the next S phase after further incubation with nocodazole
(Fig. 1). These observations imply that although a spindle-
assembly checkpoint was present in Hep3B cells, it was not
robust and the cells rapidly underwent mitotic slippage. The
prevention of DNA re-duplication during the mitotic block
has been shown to be dependent on functional p53 [4,25].
Our results are consistent with this since Hep3B is a p53-null
cell line. Furthermore, the p53-positive HepG2 cells (manu-
script in preparation) and Hep3B/p53 cells (Fig. 2) did not
re-duplicate their DNA during prolonged incubation with
nocodazole. In this connection, it is not clear why some tetra-
ploid human survive (10 cases have been reported and infants
had survived up to 26 months after birth [26]). One possibility
is that the p53 pathway is also compromised in these cases.
By treating Hep3B cells with nocodazole and allowing them
to recover, we found that most cells that survived were tetrap-
loids (Fig. 3). We believed that deregulation of the centro-
somes may play an important role in this process. The
centrosome usually duplicates during S phase and eventually
forms the spindle poles during mitosis. If centrosomes wereduplicated in cells that had undergone mitotic slippage, tetra-
ploid cells should contain double the average number of cen-
trosomes than the diploid cells. Indeed, we found that while
Hep3B cells contained one or two centrosomes, Hep3B-T cells
contained two or four centrosomes (Fig. 5A). Cells containing
multiple centrosomes may carry out mitosis with more than
two spindle poles. Mitosis with multiple spindle poles divides
the chromosomes unequally and is likely to be cytotoxic.
Hence it is possible that the nocodazole-treated Hep3B cells
carried out a normal bipolar mitosis during the recovery peri-
od to produce tetraploids. In agreement with this, we found
that despite the presence of multiple centrosomes, the majority
of Hep3B-T underwent normal bipolar mitosis (Fig. 5B).
There are parallels with the physiological pathway of polyplo-
idization in liver [27]. A high percentage of cells in liver under-
go acytokinetic mitosis to become binuclear tetraploids. These
cells enter S phase and duplicate the centrosomes normally,
but the four centrosomes are separated in pairs and the cell un-
dergo bipolar mitosis to produce a single nucleus tetraploid.
Interestingly, we were not able to produce octoploid cells by
subjecting Hep3B-T cells to another round of nocodazole
selection. One possibility is that there is a constraint on the cell
volume for the cell to carry out basic functions like meta-
bolism. Although the relationship between cell volume and
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irradiated with diﬀerent doses of ionizing radiation. At 24 h after irradiation, the cells were harvested and the expression of the indicated proteins was
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600 ng/ml to 7.4 ng/ml) for 24 h. Cell extracts were prepared and the expression of the indicated proteins was detected by immunoblotting.
4734 P.M. Hau et al. / FEBS Letters 580 (2006) 4727–4736
Fig. 8. Tetraploid cells display more DNA damage-induced c-H2AX
foci than diploid cells. (A) Representative images of c-H2AX foci
formation in Hep3B and Hep3B-T cells. Cells were either mock treated
or irradiated with 1 Gy of ionizing radiation. At 30 min after
irradiation, the cells were ﬁxed and processed for immunostaining
for c-H2AX (red). The nuclei were counterstained with DAPI (blue).
(B) Ionizing radiation induced the formation of more c-H2AX foci in
Hep3B-T cells than in Hep3B cells. The two cell types were irradiated
and c-H2AX was stained as in panel (A). The number of c-H2AX foci
per cell was analyzed (n = 50). (C) Ionizing radiation induced the
formation of more c-H2AX foci in tetraploid than in diploid
ﬁbroblasts. Normal diploid human ﬁbroblasts IMR90 and tetraploid
ﬁbroblasts GM06979 were irradiated and c-H2AX was stained as in
panel (A). The number of c-H2AX foci per cell was analyzed (n = 30).
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onstrate in established cell lines. In this study, we show that
Hep3B-T cells were signiﬁcantly larger than Hep3B cells using
a Coulter Multisizer Counter. Although the cell volume in-
creases with the ploidy, the underlying mechanism of how ploi-
dy aﬀects cell size remains mysterious. One possibility is that
the cell volume is dependent on the total DNA content. In this
hypothesis, some form of DNA counting mechanisms may ex-
ist (general DNA binding proteins like PCNA or histones arecandidates). Alternatively, the cell may be monitoring the
number of chromosomes instead of the total DNA (kineto-
chores or telomeres are possible targets for this mechanism).
Another hypothesis is that the change in ploidy alters the num-
ber of copies of particular genes that control cell volume. Fi-
nally, it is possible that the cell volume is not actively
controlled, but resulted from changes in expression of the en-
tire genome set. Microarray analysis of yeast strains with dif-
ferent ploidy reveals that the expression of several genes are
downregulated with increase ploidy [28]. Notably, these in-
clude the mRNA of the G1 cyclins CLN1 and PCL1. However,
the underlying mechanism of this gene regulation is unknown.
In this connection, we did not detect any diﬀerence in the
expression of cyclin E (a G1 cyclin in mammalian cells) be-
tween Hep3B and Hep3B-T cells (our unpublished data).
Apart from the diﬀerence in the genome copy number, we
postulated that Hep3B cells and Hep3B-T cells were isogenic.
This is clearly an approximation given that the original Hep3B
was already aneuploid with a highly unstable genome. Without
detail analyses of the chromosomes, we cannot exclude the
possibility that the cell volume change or the sensitivity to
stress in Hep3B-T was due to subtle genetic changes rather
than gross alteration in ploidy. In this connection, the possible
eﬀects of random mutations were minimized by the use of
mixed population of cells, rather than single colonies, in the
generation of Hep3B-T.
We found that Hep3B-T cells were more sensitive to ionizing
radiation and Adriamycin than Hep3B cells (Fig. 6). It is likely
that the increase amount of DNA per cell may raise the chance
of receiving damage. This is supported by the ﬁndings that
Hep3B-T cells contained higher number of c-H2AX foci than
Hep3B cells after the same dose of radiation (Fig. 8B). Simi-
larly, tetraploid ﬁbroblasts displayed higher number of
c-H2AX foci than normal diploid ﬁbroblasts (Fig. 8C). The in-
crease in cell volume in polyploid cells may be an additional
factor in the increase in sensitivity to genotoxic agents. The in-
crease in surface area per cell (although the relative surface
area to volume decreased) may allow the cell to receive a high-
er dose of genotoxic agents. Interestingly, Hep3B-T cells were
as sensitive as Hep3B cells to nocodazole or Taxol (Fig. 6).
This implies that the sensitivity to these spindle inhibitors is
not aﬀected by the number of chromosomes or kinetochores.
Indeed, the issue concerning why the activation of the spin-
dle-assembly checkpoint is cytotoxic remains largely unre-
solved [3]. Recently, it was shown that tetraploid mouse
mammary epithelial cells were more prone to transformation
after exposure to a carcinogen than diploid cells [7]. One pos-
sibility is that the increase in sensitivity to DNA-damaging
agents in tetraploid cells may increase mutagenesis.
A potential implication for chemotherapeutic intervention is
that in cancer cells that contain a weak or defective spindle-
assembly checkpoint, it may be of advantage to ﬁrst induce
polyploidy with spindle inhibitors before treatments with
DNA-damaging agents. In this scenario, sequential rather than
simultaneous treatment with spindle inhibitors and DNA dam-
aging agents will be critical, as cells are sensitized to DNA
damaging agents only after adaptation.Acknowledgements: We thank members of the Poon Lab for construc-
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